1 2 2 5 a r t I C l e S While salient, episodic memories formed in adulthood can be remembered for years, similar memories formed during early childhood appear to be easily and rapidly forgotten. This rapid forgetting and the inability to recall early life memories in adulthood is found in humans as well as in nonhuman animals, and is known as infantile or childhood amnesia [1] [2] [3] . Although they apparently are rapidly forgotten, experiences during early life have been documented to profoundly affect brain functions and physiology later in life. For example, early threatening experiences predispose to psychopathologies like posttraumatic stress disorder and mood and anxiety disorders 4 . This paradox raises the question of how early memories can influence adult life if they cannot actually be remembered.
While salient, episodic memories formed in adulthood can be remembered for years, similar memories formed during early childhood appear to be easily and rapidly forgotten. This rapid forgetting and the inability to recall early life memories in adulthood is found in humans as well as in nonhuman animals, and is known as infantile or childhood amnesia [1] [2] [3] . Although they apparently are rapidly forgotten, experiences during early life have been documented to profoundly affect brain functions and physiology later in life. For example, early threatening experiences predispose to psychopathologies like posttraumatic stress disorder and mood and anxiety disorders 4 . This paradox raises the question of how early memories can influence adult life if they cannot actually be remembered.
Several hypotheses have been put forward to explain this paradox. One suggests that the amnesia is due to the immaturity of the infant brain. According to this idea, the neural substrates and cell circuitry composition of cortical, hippocampal or other areas processing episodic memories, or hippocampal-dependent memories in general, being still underdeveloped, lack functional competence 5, 6 . Recent studies suggest that the rapid forgetting is due to the increased rate of hippocampal neurogenesis during this stage of development, which would interfere with memory consolidation, the process that mediates long-term memory persistence and storage 7 . In contrast, other authors propose that infantile amnesia results from impaired memory retrieval 3, 8, 9 , providing an explanation for how the stored, nonexpressed memory traces affect behavior later in life. In support of this conclusion, studies in human and animal models report that reminders of an early experience can reinstate a memory acquired during infancy [10] [11] [12] [13] . However, because little is known about the mechanisms underlying acquisition and possibly storage of memory traces acquired during early life, the question is still unresolved.
Using inhibitory avoidance (IA) in rats, here we show that the acquisition and storage of an episodic threatening experience during the infantile amnesia period require hippocampal mechanisms. These mechanisms are typical of developmental critical periods, mature in response to experience and store hippocampal-dependent traces in a latent form for a long time. These memory traces can influence behavior later in life, as reminders comprising both context and threat reinstate a context-specific, long-lasting memory.
RESULTS

An early-life memory reinstates with later reminders
In agreement with previous studies done in animal models of contextual threat memories using multiple shocks 14 , 15 , we show that a single footshock during IA training in rats at postnatal day (PN) 17, but not at PN24, recapitulates the phenomenon of infantile amnesia. Compared to acquisition, training at PN17 produced significant memory retention immediately after training, which, however, completely decayed by 1 d later (Fig. 1a) . The latency of PN17 trained rats, although still significantly higher than that at acquisition, was already profoundly decreased 30 min after training (Fig. 1b) . This memory was completely lost 1 d after training (Fig. 1b) . Littermates left undisturbed in their home cage (naive group) or placed on a shock grid and immediately exposed to a footshock (shock-only group) never showed significant latency above that of acquisition, thus excluding the possibility that the retentions following training were the result of nonspecific responses (Fig. 1a-c) . In contrast, training at PN24 elicited a strong and long-lasting associative memory at all time points tested, including immediately, 30 min, 1 d and 7 d after training (Fig. 1d-f) ; the levels of these retentions were comparable to those of adult rats (Supplementary Fig. 1 ).
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VOLUME 19 | NUMBER 9 | SEPTEMBER 2016 nature neurOSCIenCe a r t I C l e S Furthermore, the first testing (immediately or 30 min after training) did not contribute to the amnesia seen 1 d after training, as PN17 trained rats tested only 1 d after training had no change in latency compared to their acquisition latency or to the latency of naive rats (Fig. 1c) . This amnesia persisted 1 week after training (Fig. 1c) . Figure 1 Latent infantile memories are rapidly forgotten but reinstate later in life with reminders. Experimental schedule is shown above each panel. Acquisition (Acq) and memory retention are expressed as mean latency ± s.e.m. (a-c) Mean latency ± s.e.m. of naive, shock-only rats and rats trained (Tr, training) at PN17 and tested (T): (a) immediately (immediate test, I.T.; n = 5, 8; two-way ANOVA followed by Bonferroni post hoc test, condition F 1,22 = 11.53, P = 0.0026; testing F 1,22 = 10.71, P = 0.0035; interaction F 1,22 = 9.209, P = 0.0061; 3 independent experiments); (b) 30 min; n = 9, 11, 11; two-way ANOVA followed by Bonferroni post hoc test, condition F 2,56 = 14.60, P < 0.001; testing F 1,56 = 5.48, P = 0.023; interaction F 2,56 = 2.73, P = 0.074; 3 independent experiments); (a-c) 1 d; and (c) 7 d after training (n = 8, 8, 8; two-way ANOVA followed by Bonferroni post hoc test, condition F 2,42 = 2.437, P = 0.0997; testing F 1,42 = 0.4311, P = 0.515; interaction F 2,42 = 0.9929, P = 0.379; 3 independent experiments). (d-f) Mean latency ± s.e.m. of naive, shock-only rats and rats trained at PN24 and tested: (d) immediately (n = 7, 10; two-way ANOVA followed by Bonferroni post hoc test, condition F 1,30 = 153.6, P < 0.0001; testing F 1,30 = 0.7410, P = 0.3962; interaction F 1,30 = 0.6629, P = 0.4220; 3 independent experiments); (e) 30 min (n = 9, 5, 11; two-way ANOVA followed by Bonferroni post hoc; condition F 2,44 = 55.51, P < 0.001; testing F 1,44 = 0.97, P = 0.33; interaction F 2,44 = 1.72, P = 0.19; 3 independent experiments); (d-f) 1 d; and (f) 7 d after training (n = 8, 8, 8; two-way ANOVA followed by Bonferroni post hoc test, condition F 2,42 = 183.8, P < 0.0001; testing F 1,42 = 0.48, P = 0.489; interaction F 2,44 = 0.5949, P = 0.5562; 3 independent experiments). (g) Mean latency ± s.e.m. of naive, shock-only rats and rats trained at PN17 and tested 1 d, 7 d, 10 d and 16 d after training (n = 10, 9, 8; two-way ANOVA followed by Bonferroni post hoc test, condition F 2,96 = 5.542, P = 0.0053; testing F 3,96 = 0.9441, P = 0.4226; interaction F 6,96 = 1.056, P = 0.3945; 3 independent experiments). (h) Mean latency ± s.e.m. of naive, shock-only rats and rats trained at PN17 and tested 1 d and 7 d after training, and after a RS (red arrow) given 2 d thereafter in a different context (n = 11, 10, 12; two-way ANOVA followed by Bonferroni post hoc, condition F 2,138 = 43.48, P < 0.0001; testing F 4,138 = 21.81, P < 0.0001; interaction F 8,138 = 12.27, P < 0.0001; 3 independent experiments). Four days after T4 the rats were tested in a novel context (NC). (i) Mean latency ± s.e.m. of naive, shock-only rats and rats trained at PN17 and given a RS 9 d after training and tested 1 d (T1) and again 6 d later (T2) (n = 8, 5, 6; two-way ANOVA followed by Bonferroni post hoc test, condition F 2,32 = 0.8669, P = 0.4299; testing F 1,32 = 0.0259, P = 0.8731; interaction F 1,32 = 0.1791, P = 0.8368; 3 independent experiments). (j,k) Mean latency ± s.e.m. of naive, shock-only rats and rats trained at PN17 and tested: (j) 7 d (n = 12, 8, 12; two-way ANOVA followed by Bonferroni post hoc test, condition F 2,116 = 24.0, P < 0.0001; testing, F 3,116 = 6.733, P = 0.0003; interaction F 6,116 = 4.137, P = 0.0008; 3 independent experiments) or (k) 4 weeks after training (T1) (n = 6, 6, 9; two-way ANOVA followed by Bonferroni post hoc test, condition F 2,71 = 13.18, P < 0.0001; testing F 3,71 = 3.98, P < 0.011; interaction F 6,71 = 3.54, P = 0.004; 3 independent experiments). A RS was given 2 d later, and the rats were tested 1 d (T2) and again 6 d later (T3). Four days after T3 the rats were tested in a NC. *P < 0.05, **P < 0.01, ***P < 0.001. a r t I C l e S The infantile amnesia was not caused by alterations in exploratory behavior, locomotor or nociceptive responses, as latencies to enter the dark compartment at training as well as escape latencies from a hotplate were undistinguishable between PN17 and PN24 rats (Supplementary Fig. 2 ). Moreover naive, shock-only and trained rats at PN17 or PN24 had comparable weight gain at 1 d and 7 d following training (Supplementary Fig. 3) .
As previous studies suggested that infantile amnesia results from memory retrieval failure, rather than an inability to form long-term contextual memories [8] [9] [10] [11] [12] [13] , we tested whether contextual reminders could reinstate memory in PN17 trained rats. Contextual reminder provided by testing at 1, 7, 10 and 16 d after training (T1, T2, T3 and T4, respectively) produced no memory compared to naive and shock-only rats (Fig. 1g) . However, when the rats were then presented with a reminder footshock (RS) delivered in a new context 2 d after the second test (T2), a robust and long-lasting IA latency emerged (Fig. 1h) . The reinstatement protocol per se did not establish any IA latency, as naive or shock-only control rats exposed to the reinstatement protocol had no latency above acquisition (Fig. 1h) . Notably, the reinstated memory was context specific: following reinstatement, the rats tested in a different IA box showed no retention above acquisition (Fig. 1h) . Furthermore, an unpaired presentation at PN17 of the context and, 1 h later, of the footshock failed to elicit IA memory ( Supplementary Fig. 4 ), indicating that the latent memory trace is associative. Exposure to RS alone (i.e., without any testing) was also not sufficient to reinstate the memory (Fig. 1i) . Furthermore, only a test given 7 d after training and followed by a RS given 2 d thereafter (T+RS) was sufficient to reinstate the memory (Fig. 1j) .
This T+RS effectively reinstated the latent memory for a long time: significant latency was in fact elicited with T+RS given 4 weeks after training at PN17 (Fig. 1k) .
To determine whether the time interval between testing (T) and RS is crucial for IA memory to emerge, the RS was delivered at 4 h, 1 d or 7 d following T. In all these cases T+RS were able to reinstate a long-lasting and context specific memory, suggesting that the time interval between T and RS is not strict (Supplementary Fig. 5 ).
Thus, a latent, long-term memory trace is acquired at training during the infantile amnesia period; later reactivation of the memory through exposure to both context and footshock, presented in a temporally unpaired manner (for example, 2 d apart), is necessary and sufficient to reinstate a strong, long-lasting and contextspecific IA memory.
The latent infantile memory trace is hippocampus dependent
The hippocampus has a key role in the formation and consolidation of long-term episodic and contextual memories in adulthood 16, 17 , but its role is believed to emerge over time. Several studies in rats report that hippocampal-dependent learning and memory emerges not earlier than PN21, concluding that before PN21, the hippocampus is unable to support long-term memory formation 5, 15, 18 . Although recently Foster and Burman 19 provided evidence of hippocampal-dependent context pre-exposure learning facilitation in rats at PN17, RobinsonDrummer and Stanton 20 failed to replicate the result.
Here, we asked whether the dorsal hippocampus (dHC) is involved in the acquisition of the IA infantile memory trace. PN24 rats were employed as controls. Compared to vehicle injection, a bilateral injection of the neural activity blocker GABA A agonist muscimol in the dHC, 30 min before training at PN17, prevented memory reinstatement after the T+RS (Fig. 2a) , without affecting the latency at training or at T1 (Fig. 2a) . The muscimol-injected rats learned the IA task when retrained upon entering the shock compartment at T2, showing that muscimol had not damaged the hippocampus (Fig. 2a) . As expected, compared to vehicle, the bilateral injection of muscimol in the dHC 30 min before training at PN24 significantly impaired long-term memory, confirming that, at this age as in adulthood, hippocampal activity is required to form IA memory (Fig. 2b) . Muscimol-injected rats were able to acquire the IA task after retraining (Fig. 2b) . Furthermore, dHC activity was not required for memory reinstatement. Compared to vehicle, bilateral dHC injection of muscimol 30 min before T, followed by RS 2 d later, did not affect memory reinstatement (Fig. 2c) . Likewise, a bilateral injection of muscimol into the dHC 30 min before RS had no effect on memory reinstatement (Fig. 2d) . Thus, the hippocampus plays a critical role in encoding and storing a latent IA memory trace at PN17 during the infantile amnesia period, but is not critical for later IA memory reinstatements. 3 independent experiments) and tested (T) at the indicated times. At T2, upon entering the shock compartment, rats were trained again (Tr) and tested 1 d later. (c,d) Mean latency ± s.e.m. of rats trained at PN17 and injected (↑) in the dorsal hippocampus with vehicle or muscimol 30 min before (c) T1, given 7 d after training (n = 11, 10; two-way ANOVA followed by Bonferroni post hoc test, treatment F 1,57 = 0.0013, P = 0.9719; testing F 2,57 = 27.68, P < 0.0001; interaction F 2,57 = 0.03027, P = 0.9702; 3 independent experiments), or (d) a reminder shock (RS), given 2 d after T1 (n = 8, 7; two-way ANOVA followed by Bonferroni post hoc test, treatment F 1,39 = 0.4162, P < 0.5226; testing F 2,39 = 60.59, P < 0.0001; interaction F 2,39 = 0.1302, P = 0.8783; 3 independent experiments). Rats were tested again 1 d after RS (T2). *P < 0.05, **P < 0.01, ***P < 0.001.
1 2 2 8 VOLUME 19 | NUMBER 9 | SEPTEMBER 2016 nature neurOSCIenCe a r t I C l e S Learning at PN17 induces pTrkB and GluN2B/GluN2A subunit switch We then compared the hippocampal expression profiles of molecules known to play critical roles in the synaptic plasticity of PN17, PN24 and adult (PN80) rats, either in untrained conditions or following IA training. Because of their fundamental roles in plasticity and memory, including IA 17, [21] [22] [23] , as well as in development 24 , we examined the levels of brain-derived neurotrophic factor (BDNF), the activation of the receptor TrkB (as indicated by levels of TrkB phosphorylated on Tyr816, pTrkB) and the levels of NMDA receptor (NMDAR) subunits 1 (GluN1), 2A (GluN2A) and 2B (GluN2B). Western blot analyses of dHC extracts revealed that while BDNF levels increased with developmental age (Fig. 3a) , pTrkB was significantly higher in PN17 rats than in adults, with PN24 rats showing intermediate values (Fig. 3a) . The level of total TrkB did not change across development (Supplementary Fig. 6 ).
In line with previous data 25, 26 , we found that NMDARs significantly Figure 3 Training at PN17 increases pTrkB and switches the ratio of GluN2B/GluN2A levels in the dorsal hippocampus. (a) Examples and densitometric western blot analyses of dHC total extracts from naive rats euthanized at PN17, PN24 or PN80 (adult; n = 8, 8, 8) . Data are expressed as mean percentage ± s.e.m. of adult naive rats (one-way ANOVA followed by Newman-Keuls multiple comparison test, pTrkB F 2,21 = 3.342, P = 0.0549; BDNF F 2,21 = 7.125, P = 0.0043; GluN2A F 2,21 = 1.524, P = 0.2410; GluN2B F 2,21 = 12.41, P = 0.0003; GluN2A/GluN2B ratio F 2,21 = 17.68, P < 0.0001; 3 independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001. (b,c) Examples and densitometric western blot analyses of dHC total extracts from rats trained in IA at PN17 or PN24, and euthanized 30 min, 9 h, 24 h, 48 h after training (n = 6-10 rats per group). To account for developmental differences, two groups of naive rats were used: PN17 (n = 8) and PN19 (n = 6) or PN24 (n = 8) and PN26 (n = 8). Data are expressed as mean percentage ± s.e.m. (b) PN17 naive rats (n = 8, 6, 10, 7, 6, 6, one-way ANOVA followed by Dunnett's multiple comparison test, pTrkB F 3,27 = 10.29, P = 0.0001; BDNF F 3,27 = 1.998, P = 0.1381; GluN2A F 3,27 = 8.580, P = 0.0004; GluN2B F 3,27 = 2.923, P = 0.0527; GluN2A/GluN2B F 3,27 = 3.243, P = 0.0389; 3 independent experiments). (c) PN24 naive rats (n = 8, 6, 6, 7, 7, 8; one-way ANOVA followed by Dunnett's multiple comparison test, pTrkB F 3,23 = 4.489, P = 0.0128; BDNF F 3,23 = 5.256, P = 0.0066; GluN2A F 3,23 = 0.7538, P = 0.5314; GluN2B F 3,23 = 0.08686, P = 0.9665; 3 independent experiments). Significance compared to PN17 or PN24 naive rats: *P < 0.05, **P < 0.01, ***P < 0.001; # symbol indicates significance levels comparing PN19 naive to 48 h trained groups (GluN2A, unpaired two-tailed Student's t-test, t = 3.113; d.f. = 10, # P = 0.0110). (d) Ifenprodil (3 µM) depressed the amplitude of NMDA EPSCs recorded at V m = +40 mV in PN17 naive rats (n = 6 rats, 12 cells) when compared to PN24 animals (n = 10,17; P < 0.05), but not in PN17 trained animals (n = 6, 10) (One-way ANOVA followed by Bonferroni's post hoc test, a r t I C l e S .864, P = 0.0051; GluN2B F 2,21 = 6.731, P = 0.0055; GluN2A/GluN2B F 2,21 = 7.632, P = 0.0032, 3 independent experiments). *P < 0.05, **P < 0.01. Full-length blots and gels are presented in Supplementary Figure 10 .
switch their subunit expression levels during postnatal development, shifting from an elevated expression ratio in favor of GluN2B to predominately expressing GluN2A (Fig. 3a) . The level of GluN1 did not change with development ( Supplementary Fig. 6 ). Strong evidence in the visual system and neonatal hippocampal slices support the idea that the GluN2B/GluN2A subunit switch is driven by experience and neuronal activity during a developmental 'critical period' , a temporally limited phase during which experience organizes normal functional development and permanently alters performance 27, 28 . Visual experience and deprivation rapidly and reversibly alter the NMDAR subunit composition in the visual cortex, modifying the duration of the critical period [29] [30] [31] . Here, we tested whether training at PN17 or PN24 differentially regulates the activation of the BDNF-TrkB pathway and the levels of GluN1, GluN2B and GluN2A over time. Rats were euthanized at 30 min, 9 h, 24 h or 48 h after training. Controls consisted of naive rats euthanized at matched time points (to control for developmental changes independent of training), as well as rats exposed to shock-only or context-only (context exposure without footshock) and euthanized at matched time points (to control for changes induced by nonassociative experience). Compared to naive conditions, training at PN17 significantly increased pTrkB at 30 min after training. The significant increase persisted and peaked at 24 h after training (Fig. 3b) . This profile of training-dependent increase in pTrkB was distinct from that found in rats trained at PN24 (Fig. 3c) , in which the pTrkB augmentation peaked at 30 min after training and decayed thereafter. No significant changes were found in total TrkB levels at any of the time points after training at PN17 or at PN24 (Supplementary Fig. 6 ). Training at PN17 also increased the level of BDNF but not significantly over that of the developmental increase (Fig. 3b) , whereas training at PN24 significantly augmented BDNF levels at 9 h and 24 h after training (Fig. 3c) .
At PN17, training led to a pronounced and significant induction of GluN2A starting 9 h after training, which continued up to 48 h after training; GluN2B levels increased more slowly and reached significance only at 24 h after training, but not at the other time points (Fig. 3b) . In contrast, training at PN24 did not change the levels of GluN2A and GluN2B (Fig. 3c) . No significant changes were found in GluN1 levels throughout the temporal profiles of PN17 or PN24 rats ( Supplementary  Fig. 6 ). Thus, IA training significantly increases the GluN2A/GluN2B ratio in the hippocampus of PN17 but not of PN24 rats (Fig. 3b) .
To investigate the functional consequences of training on synaptic NMDAR composition in the hippocampus, we compared excitatory postsynaptic currents (EPSCs) at synaptic inputs of the Schaffer collaterals to pyramidal neurons in the CA1 region in acute slices from PN17 and PN24 rats, either in untrained conditions or 24 h after IA training. The GluN2B component of the NMDAR EPSC was determined by sensitivity to ifenprodil, which selectively blocks receptors that contain GluN2B subunits; thus, greater inhibition of the EPSC by ifendopril indicates a higher fraction of GluN2B-containing receptors. In agreement with our biochemical findings (Fig. 3c) , EPSCs from naive and trained PN24 rats showed essentially identical ifenprodil sensitivities (naive: 20.1 ± 4.3% inhibition, n = 17 cells; trained: 20.7 ± 4.4%, n = 7; P = 0.93, two-tailed t-test with Welch's correction), and these groups were combined for subsequent analysis (Fig. 3d) . Ifenprodil had a significantly stronger effect on EPSCs from naive PN17 rats (37.2 ± 6.4%, n = 12 cells; P = 0.04) compared to PN24 rats. In contrast, the ifenprodil sensitivity of EPSCs from trained PN17 rats did not differ significantly from that of PN24 rats (30.0 ± 6.1%, n = 10 cells; P = 0.38), consistent with training-induced conversion of a subset of NMDARs from GluN2A-to GluN2B-containing in PN17 animals.
Notably, the biochemical changes in NMDA receptor subunit composition found with development or with training strongly correlated = 134.9, P < 0.0001; interaction F 2,30 = 25.02 P < 0.0001; 2 independent experiment) or (f) PN24 (n = 7, 8, two-way ANOVA followed by Bonferroni post hoc test, treatment F 1,39 = 0.003504, P < 0.9531; testing F 2,39 = 19.68, P < 0.0001; interaction F 2,39 = 0.05990, P = 0.9419; 3 independent experiments). At T2, upon entering the shock compartment, rats were trained again (Tr) and tested 1 d later (T3). (g) Representative examples and densitometric western blot analyses of dorsal hippocampal total extracts obtained from naive and trained rats given hippocampal injections of vehicle or MTEP 30 min before Tr at PN17 and euthanized 24 h later (n = 7, 6, 6, One-way ANOVA followed by Newman-Keuls multiple comparison test, pTrkB F 2,18 = 9.162, P = 0.0022; 3 independent experiments). Data are expressed as mean percentage ± s.e.m. of naive rats injected with vehicle and euthanized at the matched time point (i.e., PN18). *P < 0.05, **P < 0.01, ***P < 0.001. Full-length blots and gels are presented in Supplementary Figure 10 .
with EPSC sensitivity to ifenprodil (Fig. 3e) . All the significant training-induced changes were selective for the associative conditioning and were not found in the shock-only or context-only controls (Supplementary Fig. 7) . No significant changes in pTrkB, GluN2A and GluN2B were found at 30 min or 24 h after T+RS, in line with our findings (Fig. 2c,d ) that the hippocampus plays a critical role in encoding the latent IA memory trace at PN17 but not in reinstatement (Supplementary Fig. 8 ). We concluded that the latent memory trace acquired at PN17 was accompanied by an activation of TrkB (phosphorylation) and a significant switch in the GluN2A/ Glu2B expression level ratio in the hippocampus that persisted for at least 24 h.
BDNF controls early memory formation and the GluN2B/ GluN2A switch Given the above results, and the fact that BDNF modulates the expression of NMDA receptors 32 , we then tested whether BDNF in the dHC of PN17 rats is required for the formation of the latent IA memory trace and/or the training-induced GluN2B/GluN2A switch. Hippocampal bilateral injection of either a function-blocking anti-BDNF antibody or its receptor scavenger TrkB-Fc, compared to control IgG, significantly disrupted memory reinstatement (Fig. 4a,b) without affecting general locomotor behavior during training or testing (Fig. 4a,b) . Anti-BDNF-and TrkB-Fc-injected rats learned IA when retrained, showing that anti-BDNF and TrkB-Fc had (Fig. 4a,b) . Furthermore, anti-BDNF blocked the training-induced increase in pTrkB and the GluN2B/ GluN2A switch at 24 h after training (Fig. 4c) , a time point when the training-induced molecular changes peaked (Fig. 3b) .
Thus, BDNF at training is necessary for the formation of latent infantile memory traces and training-induced NMDA receptor GluN2B/GluN2A expression switch. mGlur5-dependent GluN2B/GluN2A switch rules early memory formation We then asked whether the NMDAR subunits GluN2A and GluN2B are differentially recruited in the formation of the latent memory at PN17, and whether their contribution changes at PN24 when the system is functionally competent. GluN2A and GluN2B differentially contribute to the NMDAR current kinetics 33 , thus differentially regulating synaptic plasticity 34 . Bilateral injection of selective antagonists of GluN2A (NVP-AAM077, also known as PEAQX) or of GluN2B (Ro 25-6981) into the dHC 30 min before training at PN17 revealed that GluN2B, but not GluN2A, is required for IA memory formation (Fig. 5a) , but does not affect acquisition or testing (Fig. 5a) . All rats acquired the IA task after retraining, indicating that the treatments did not damage the hippocampus (Fig. 5a) . In contrast, injection of either GluN2A or GluN2B antagonist 30 min before training at PN24 significantly disrupted memory retention both 1 d and 7 d after training (Fig. 5b) . Notably, the memory loss caused by the GluN2A antagonist at PN24 was complete at both T1 and T2: the GluN2A antagonist-injected rats' retention was not significantly different from acquisition (Fig. 5b) . These results, in agreement with the relatively higher expression levels, suggest that GluN2A plays a major role in NMDAR-mediated memory formation at PN24; in contrast, GluN2A has no effect on the formation of latent memories at PN17.
Because the GluN2B/GluN2A switch has been shown to require the activation of metabotropic glutamate receptor 5 (mGluR5) in CA1 pyramidal neurons in acute hippocampal slices 35 , and this was confirmed by studies of mGluR5 knockout mice 35 , we tested whether blocking mGluR5 in the dHC affects the training-induced switch of GluN2B/GluN2A and memory formation at PN17 and/or PN24. Western blot analyses of dHC extracts of untrained rats revealed that mGluR5 levels were significantly higher at PN17 than at adult age, with PN24 showing intermediate values (Fig. 5c) .
Hippocampal bilateral injection of the mGluR5 antagonist MTEP 30 min before training at PN17 blocked the training-induced GluN2B/ GluN2A subunit switch 24 h after training (Fig. 5d) . Furthermore, compared to vehicle, the same MTEP treatment significantly prevented memory reinstatement without affecting latency at training or at the 7 d test (Fig. 5e) . The treatments did not damage the hippocampus as rats acquired IA when retrained (Fig. 5e) . Conversely, at PN24, the same MTEP treatment had no effect on memory retention 1 d and 7 d after training (Fig. 5f) .
In addition, hippocampal injections of MTEP 30 min before IA training at PN17 blocked the training-induced increase in TrkB phosphorylation 24 h after training, indicating that the mGluR5 and TrkB pathways are functionally linked (Fig. 5g) .
We concluded that the formation and storage of the latent memory trace during the infantile amnesia period, but not of a normally expressed memory formed a few days later, require GluN2B and the mGluR5-mediated GluN2B/GluN2A subunit 1 2 3 2 VOLUME 19 | NUMBER 9 | SEPTEMBER 2016 nature neurOSCIenCe a r t I C l e S switch, and that the activation of mGluR5 is functionally linked to that of TrkB.
BDNF or mGluR5 activation closes the infantile amnesia period Our data thus far indicate that mechanisms underlying the formation of a latent infantile memory trace are similar to those of developmental critical periods of sensory systems, including the experiencedependent GluN2B/GluN2A switch and the requirement of mGluR5 and BDNF. In the visual cortex, BDNF overexpression is sufficient to close the critical period by promoting structural maturation of cortical circuitry and precocious increase of visual acuity 36, 37 . Here we tested whether increasing hippocampal BDNF at the time of training would also be sufficient to promote functional competence, thus closing the critical period of the infantile amnesia. BDNF bilaterally injected into the dHC immediately after training at PN17 led to significant and persistent memory expression 1 d (T1) and 7 d (T2) after training (Fig. 6a) . The memory was context specific (Fig. 6a) . Furthermore, hippocampal BDNF injection, compared to vehicle, promoted a significant increase the phosphorylation of TrkB (Fig. 6b) and the GluN2B/GluN2A switch (Fig. 6c) .
As our previous data showed that mGluR5 is functionally linked to and upstream of TrkB activation (Fig. 5g) , we tested whether the activation of mGlur5 in the hippocampus at the time of training is, like BDNF, sufficient to close the infantile amnesia period.
Dorsal hippocampus bilateral injection of the group I metabotropic glutamate receptor agonist DHPG, compared to vehicle, elicited a significant and persistent memory expression at 1 d (T1) and 7 d (T2) after training (Fig. 6d) .
Thus, as for sensory system functions, an immature hippocampus employs critical-period-like mechanisms, which are regulated by experience, to mediate the formation of a latent memory trace during infantile amnesia. BDNF or activation of the upstream mGluR5 at the time of training can close the infantile amnesia period and induce functional competence.
DISCUSSION
Using a model of episodic contextual fear memory in rats, we found that learning occurring during the infantile amnesia period (PN17) produces a persistent, latent retention of that experience; in fact, reminders given later in life reinstate a strong, context-specific and long-lasting memory. These data extend and provide an explanation for previous knowledge that early life experiences-including aversive, appetitive and spatial experiences-affect behavior throughout life 1, 38 . In our paradigm, presentation of both context and footshock (RS) later in life are required to reinstate contextspecific memories, as exposure to either alone is not sufficient. We also found that once context exposure is experienced, the memory trace is accessible for a long time, as in fact it can form an association with RS given days later. However, as RS given before context does not reinstate the memory, we speculate that an associative reactivation is needed in order to reinstate the memory, which is presumably driven by conditioned stimulus (CS)-anticipatory responses 39 . Possibly the reinstatement protocol reflects a facilitated conditioning that builds on the established latent memory trace. Conversely, at PN24 rats were fully competent in learning and expressing IA memory, as their retention after training was similar to that of adult rats. Thus, the infantile amnesia period for explicit memories appears to show a relatively sharp temporal boundary.
Although thus far it has been debated whether the memory learned at PN17 is forgotten [1] [2] [3] 7, 8 , and whether any hippocampal-dependent contextual learning at PN17 in rats occurs at all [18] [19] [20] , our data show that long-lasting changes through BDNF-and mGluR5-dependent mechanisms take place in the dorsal hippocampus with training to store a latent representation. These mechanisms are unique to PN17, and include a prolonged activation of the BDNF pathway, an mGluR5-dependent switch in the ratio of GluN2B/GluN2A expression, and a functional switch toward synaptic GluN2A engagement. These data indicate that the hippocampal system, like sensory systems 34, 35 , matures and develops in response to experience by switching the NMDAR subunit composition. In fact, while the latent memory formed at PN17 requires mGluR5 and GluN2B but not GluN2A, the strong memory formed by the functionally competent PN24 hippocampus requires GluN2A but not mGluR5. These data are in line with previous reports that an mGluR5-dependent GluN2B/GluN2A switch occurs in vitro in the developing hippocampus after acute activity, and parallels the mechanisms described in the developing visual cortex after visual stimuli 28, 35 . The GluN2B/GluN2A switch is classically known as a critical mechanism by which excitatory synapses rapidly mature in response to experience during sensory developmental critical periods and acquire integrative capacity [28] [29] [30] [31] [40] [41] [42] . Our results, indicating that similar mechanisms occur in the developing hippocampal memory system, lead us to propose that infantile amnesia reflects the existence of a developmental critical period of the hippocampus, and that the functional maturation of the hippocampal system occurs through learning experience. Synaptic strength may also change as a result of IA training. These additional mechanisms as well as circuits important for infantile memories should be investigated in future studies.
In agreement to what has been reported for the visual or auditory system critical periods 36, 37, 43 , we found that activating mGluR1/5 or increasing BDNF in the dHC accelerates hippocampal functional competence for memory formation and expression and anticipates the end of the critical period. It is possible that, as shown for sensory systems, BDNF regulates the balance of excitatory and inhibitory neurotransmission in the hippocampus during the developmental critical period 27 , and further studies will likely address this issue. Our data also revealed that mGluR5 and BDNF are functionally linked in promoting hippocampal competence, as in fact the persistent activation of TrkB depends on mGluR5 activation. This link may represent an important node of dysregulation in neurodevelopmental disorders such as Fragile X syndrome 44 .
In summary, we suggest that experience-driven, mGluR5-and BDNF-mediated GluN2B/GluN2A subunit switch during a developmental critical period not only is typical of sensory systems but also represents a ubiquitous process in the developing brain for acquiring mature, functional competences. This competence, for the hippocampus, includes the ability to form explicit, associative long-term memories. This would also explain how early experiences influence brain development 45 and how experience deprivation in early development impacts learning abilities throughout life 46 . We suggest that alteration of the experience-dependent critical-period mechanisms of the medial temporal lobe, and thus of related networks, may fundamentally contribute to the etiology of developmental learning disabilities, including autism spectrum disorder, mental retardation and neuropsychiatric disorders in general.
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